The traffic stream behaves differently in a mixed traffic condition as compared to that of a homogeneous condition. In a mixed traffic condition, as the traffic behaviour is always fluctuating based on the interaction caused by the surrounding elements, it is essential that the factors which affect the dynamic nature of the traffic characteristics should be considered for the proper design of the system. The paper highlights the methodology for developing the dynamic Passenger Car Unit (PCU) under various vehicular interactions for mixed traffic conditions prevalent in India. Experiments were carried out using the micro simulation model, TRAFFICSIM, which was developed for signalised intersections by the authors and reported elsewhere. The dynamic PCU values were obtained based on the analysis of the outputs of TRAFFICSIM, for varying approach width, traffic composition, stream speed and traffic volume. Modified area occupancy concept was used to develop Dynamic PCU values in a mixed traffic condition. In the modified area occupancy method, the area occupancy of the vehicle types for various traffic compositions is compared with area occupancy of the passenger cars in a car only traffic condition having the same stream speed. The study showed that the PCU values are highly sensitive to the given traffic conditions such as approach width, traffic composition, stream speed as well as flow ratio.
Introduction
In a mixed traffic condition, the interaction of various classes of vehicles along a road creates many problems to the traf f ic engineers and planners due to the wide variation in their physical and operating characteristics. The non uniformity in the static and dynamic characteristics of the vehicles is normally taken into account by converting all vehicles in terms of a common unit known as Passenger Car Unit (PCU). Most of the existing analytical approaches based on the field data have the limitation of an underlying assumption of homogeneity, which is a long way from the high variations of driver vehicle characteristics in mixed traffic condition. Simulation models on the other hand, follow the dynamics of the traffic system, and give a continuous view of the state of the traffic system over time.
This paper focuses on the determination of the dynamic PCU values for different vehicle categories at signalised intersections under mixed traffic conditions by adopting a modified concept of area occupancy. For this, the authors have developed a microscopic traffic simulation model, TR AFFICSIM, which was reported elsewhere. The paper explains the variation of dynamic PCU with traffic composition, width, stream speed and flow ratio. Using the obtained dynamic PCU values, a saturation f low model was developed, where the saturation f low is expressed in PCU/hr.
Literature Review
Researchers who have worked in the area of heterogeneous traffic condition defined PCU in different forms. PCU value depends on the factors such as vehicle characteristics, roadway characteristics, environmental conditions, climatic conditions, control conditions etc. In India, many researchers/ organisations have worked out the PCU values at urban as well as for rural roads and intersections. Indian Roads Congress Special Publications (IRC SP: 41) had recommended PCU values for two wheeler as 0.3, three wheeler as 0.4 and bus/lorry as 2.8 for conversion of different types of vehicles into equivalent PCU.
Dynamic PCU model concept developed by Chandra and Sikdar (1993) considered the intersection clearing speed of each category of vehicles. Arasan and Jagadeesh (1995) estimated the PCU for different categories of vehicles using the multiple linear regression procedure, where the saturated green time was regressed against the number of each category of vehicles crossing the stop line, during the green time, assuming a linear relationship between the variables. PCU values obtained were for bus in the range of 2.11 to 2.83, for two wheeler 0.30 to 0.38 and for three wheeler 0.58 to 0.64. Vien et al. (2003) have developed a statistical approach of headway ratio method for finding the PCU values of different vehicles at signalised intersections with respect to Malaysian traffic conditions. Rahman et al. (2004) presented a procedure for estimating PCE of rickshaws and auto rickshaws at signalised intersections and suggested that the PCE values for rickshaws and autorickshaws varies from 0.75 to 1.0 and 0.35 to 1.0 respectively depending on the proportion of vehicles in mixed traffic flow. Patil et al. (2007) studied the influence of area type in the PCU values and estimated that the PCU for two wheeler ranges from 0.09 to 1.23, three wheeler from 0.23 to 6.14 and that of bus from 1.02 to 3.78.
A ra s a n a nd K r i sh n a mu r t hy (2 0 0 8) conducted a study on the effect of traffic volume and road width on PCU values of vehicles using microscopic simulation at mid block sections of urban roads. The results showed that the PCU value of a vehicle significantly changes with change in traffic volume. Arasan and Dhivya (2008) incorporated the concept of area occupancy and showed the appropriateness of the concept in heterogeneous traffic condition for urban roads. Arasan and Arkatkar (2010) used the simulation model, HETEROSIM, to derive the PCU values for different types of vehicles in urban roads. The results showed that the PCU value of a vehicle significantly changes with change in traffic volume and width of roadway. Radhakrishnan and Mathew (2011) 
Objectives and Scope of the Work
T he objec t ive of t he resea rch work presented in the paper is to determine the dynamic PCU values for varying traffic composition and geometric conditions, at signalised intersections in India. Sheela and Isaac (2014) recently developed a traffic simulation model, TR AFFICSIM, which was used to study the vehicular interactions, at micro level, over a wide range of traffic flow conditions at signalised intersections. The readers are advised to refer the paper titled 'Traffic Simulation Model and its application for estimating Saturation flow at Signalised intersections' published in the IJTTE journal, September 2014. The effect of traffic composition, width of the approach, stream speed as well as flow ratio on PCU values were also studied. Finally a check for the accuracy of the estimated PCU values were also analysed by developing a model for saturation flow in PCU/hr. The scope of this work was limited to four legged signalised intersections of carriageway widths varying from 3.5 to 10.5 m on level stretches.
Methodology
In a mixed traffic condition, the required space for the vehicular movement is reflected more by area of the vehicle than by length of the vehicle alone. Thus area occupancy of vehicle was used as the key parameter in the analysis, which incorporates the effect of all the vehicular interactions caused by the surrounding environment. To determine PCUs for signalised intersections in Indian conditions, a modified area occupancy concept is introduced in this study. In the modified area occupancy method, the area occupancy of different category vehicle at various traffic compositions is compared with that of the passenger cars in a car only traffic conditions having the same stream speed. The area occupancy is calculated using Eq.
(1) as given by Arasan and Dhivya (2008) :
where, ai is the area of the vehicle i falling on the detection zone in m2, ti is the time during which the detection zone is occupied by vehicle i in seconds, A is the area of the whole of the road stretch (detection zone) in m2, T is the total observation period in seconds and n is the number of vehicles occupied the detection zone. Fig. 1 shows the concept of modified area occupancy. In the figure, the area of the detection zone is marked as LxW, where L is the length of the detection zone and W is the width of the detection zone. Thus the PCU value of any particular vehicle type is obtained as the ratio of the equivalent area occupancy of that vehicle category to the equivalent area occupancy of car in a 100% car only traffic condition as given in Eq. (2).
(2)
The equivalent area occupancy of a vehicle is analysed by dividing the total area occupancy of each vehicle category by the number of vehicles in that category. The total observation time period per cycle is taken as the time period during which the first vehicle entering the detection zone to the time at which the last vehicle leaving the zone. Occupancy time of vehicles (ti) when clearing the intersection is obtained as the time taken by a vehicle entering the clearing section of an intersection to the time it clears the intersection. Also in the case of mixed traffic, since the vehicles occupy the entire space of the road width, the whole width of the carriageway is considered for the computation of area occupancy. Hence the area of the detection zone is incorporated in the calculation of area occupancy.
Dynamic PCU Values in a Mixed Traffic Stream
In order to study the variation of PCU with the proportion of different classes of vehicles under mixed traffic conditions, the validated TRAFFICSIM model was applied to study the traffic f low characteristics by experimenting the model for varying traffic composition and approach width. To estimate the PCU values of various types of vehicles in a mixed traffic stream, simulation model was run on both cars only traffic and for mixed traffic condition by varying the traffic composition of each vehicle type between 0 to 50% for different approach widths such as 3.5, 5.5, 7, 9 and 10.5 m and for different traffic volumes. The traffic stream speed varied correspondingly. As per IRC, the maximum cycle time suggested is 120 s. In order to study the effect of traffic composition on saturation flow, cycle time of 120 s was adopted with an effective green time of 56 s for all the simulation runs. The movement of vehicles during green phase at saturated condition as well as non saturated condition, i.e. at capacity or at values lower than the capacit y, was analysed. The observed speed from the field data showed that the stream speeds during saturation flow at the detection zone is less than 30 kmph. Based on the speed data obtained from the simulation output, each cycle was divided into two phases, saturated as well as non saturated period. Stream speed of the mixed traffic stream must be same as that of car only traffic condition. Using the data obtained from the simulation model, equivalent area occupancy of corresponding vehicle types during saturated as well as non saturated traffic conditions were determined, and the PCU values were calculated using Eq. (2) as mentioned in the methodology. PCU models were then developed at saturation as well as at non saturation traffic conditions, with PCU of the vehicle category as dependent variable and the proportions of two wheeler, three wheeler, car, bus, stream speed and width as independent variables along with a constant term as shown in Table 1 and 2 respectively. 
Variation of Dynamic PCU with Traffic Parameters i) Variation of dynamic PCU with approach width
To analyse the effect of approach width on PCU values during saturation period, the dynamic PCU models given in Table 1 were used. In urban cities, the normal traffic composition was of 40% two wheeler, 20% three wheeler, 30% car and 10% bus, which was chosen for the analysis. Fig. 2 shows the variation of PCU values of two wheeler, three wheeler, car and bus with width, during saturation for the percentage composition of 40% two wheelers, 20% three wheelers, 30% cars and 10% buses and a stream speed of 25 kmph.
Fig. 2. Variation of PCU with Width for a Traffic Composition of 40-20-30-10
From Fig. 2 , it is seen that as w idth increases, the PCU value increases, for a given proportion of two wheeler, three wheeler, car and bus. This may be due to the freedom of vehicles to choose the speed, as the width increases. This may cause high speed differential among vehicles causing mutual interactions among vehicles. It is observed that the PCU value for bus varies slightly more compared to two wheeler, three wheeler and car with respect to width. The reason might be larger is the vehicle, the lesser is its maneuverability, greater its hindrance to other vehicles and hence greater is its PCU.
ii) Variation of dynamic PCU with stream speed
To study the effect of stream speed on PCU values, the developed PCU models were made use of.
For a particular proportion of two wheeler, three wheeler, car and bus and also for a particular carriageway width, the variation in the obtained PCU values was studied.
Figs. 3-6 show the variation of PCU with stream speed for varying carriageway widths. For the analysis, the percentage composition chosen were 40% two wheelers, 20% three wheelers, 30% cars and 10% buses. 
Variation of PCU of Bus with Stream Speed for Varying Carriageway Width
It is observed that PCU values of two wheeler and three wheeler decreases with increase in stream speed, whereas the PCU values of car and that of bus increases, during saturation stage, as the vehicles are moved with a speed almost equivalent to that of stream speed. Though the stream speed increases, the smaller vehicles like two wheeler and three wheeler utilised the narrow gaps and due to this the heavier vehicles have less freedom to move freely, which will cause a high speed differential between the vehicles. This will cause higher PCU values for cars and buses, when the stream speed increases. To study the effect of stream speed on PCU during non saturated stage, the developed PCU models given in Table 2 were utilised. Same percentage composition of traffic as in the case of saturation period was taken for the analysis. From field observations, it was observed that during non saturation period, the stream speed of the traffic stream was more than 30 kmph. It is observed that PCU values of two wheeler, three wheeler, car and bus decreases with increase in stream speed. During non saturation period, when the traffic volume decreases, naturally the speed of the entire vehicle category increases, causing fewer interactions. This will cause lesser PCU values for the vehicles, when the stream speed increases.
iii) Variation of dynamic PCU with traffic composition
The variation of PCU with proportion of vehicles in a mixed traffic condition for a width of 7 m, during saturation, is given in Fig. 7 . Figure shows that when the proportion of vehicles varies from 0 to 0.5 (0 to 50%), PCU of two wheeler increases from 0.04 to 0.24, three wheeler varies from 0.37 to 0.55, car varies from 1.03 to 0.98 and that of bus 2.20 to 3.90. PCU of a particular vehicle category not only depends on its own proportion, but also on the composition of other categories of vehicles.
In a mixed traffic condition, when the proportion of smaller vehicles increases, maximum road width utilisation takes place, as the vehicles occupy every minute space in between the heavy vehicles.
During saturation, as proportion of vehicles increases, more distraction of movement to other vehicles occurs, hence PCU of different vehicle type increases. Again as the proportion of a particular vehicle category increases, the proportion of time that particular vehicle category occupies the detection zone increases, which increases the area occupancy, causing higher PCU values.
iv) Variation of dynamic PCU with flow ratio
In order to study the effect of f low ratio, i.e. the ratio of flow (q) to saturation flow (S) during each cycle was calculated for a particular width. Saturation flow S in pc/hr was obtained using the model shown in Eq. 
Variation of PCU with Proportion of Vehicles during Saturation
Corresponding dynamic PCU values were calculated based on the proportion of vehicle categories. Flow in PCU/hr was obtained by multiplying the number of vehicles in each category by the corresponding dynamic PCU values. In order to study the effect of PCU on flow ratio (q/s), a non linear model of second degree which shows high statistical significance was developed. In order to check the significance of width, two widths were considered. Figs. 8 and 9 show the variation of PCU with flow ratio for a width of 9 m and 7 m respectively. 
Variation of PCU with Flow Ratio for a Width of 7 m
For a width of 7 m, the PCU of two wheeler, three wheeler slightly decreases when the flow ratio reaches 0.9, and for a width of 9 m, the PCU of two wheeler, three wheeler, car and bus shows a trend of decreasing when flow ratio reaches 0.8. The reason may be as flow reaches full saturation, the speed differential of the vehicles of the entire stream is less.
This indicates that as width increases, the PCU value starts decreasing at lower flow ratio as the interaction caused by the vehicles decreases. Table 3 shows the PCU values of vehicles for varying flow ratio for a width of 7 m which was obtained from the developed second degree relationship between flow ratio and the PCU of different vehicle categories. (4) where, Sp is the saturation flow (PCU/hr), ptwo_wheeler, pthree_wheeler, pcar and pbus are percentage of two wheelers, three wheelers, cars and buses respectively and width is the approach width (m). Table 4 gives the saturation flow model regression statistics, which gives a high R2 value and the calculated t-values are higher than the critical values, which shows that the model is statistically significant. 
Summary and Conclusion
The paper presented the methodology for the determination of Dynamic PCU values at signalised intersections using the outputs obtained from the micro simulation model, TR AFFICSIM. The experimentation of the simulation model has been carried out for wide ranges of traffic composition and approach widths and the outputs were analysed. A new concept of modified area occupancy method was used for the determination of dynamic PCU values, which is different from the methods adopted by the previous researchers. This paper clearly explained the significance of PCU values, and has been proved that the PCU values are highly sensitive to the given traffic and geometric condition such as approach width, stream speed, traffic composition as well as traffic volume. The conclusions arrived are:
1. In a mixed traffic condition, when the proportion of vehicles varies from 0 to 50%, PCU of two wheeler increases from 0.05 to 0.24, three wheeler varies from 0.37 to 0.56, car varies from 1.03 to 0.98 and that of bus 2.20 to 3.90. 
